The mitochondrial aspartate-glutamate carrier isoform 1 (AGC1) catalyzes a Ca 2+ -stimulated export of aspartate to the cytosol in exchange for glutamate, and is a key component of the malate-aspartate shuttle which transfers NADH reducing equivalents from the cytosol to mitochondria. By sustaining the complete glucose oxidation, AGC1 is thought to be important in providing energy for cells, in particular in the CNS and muscle where this protein is mainly expressed. Defects in the AGC1 gene cause AGC1 deficiency, an infantile encephalopathy with delayed myelination and reduced brain N-acetylaspartate (NAA) levels, the precursor of myelin synthesis in the CNS. Here, we show that undifferentiated Neuro2A cells with down-regulated AGC1 display a significant proliferation deficit associated with reduced mitochondrial respiration, and are unable to synthesize NAA properly. In the presence of high glutamine oxidation, cells with reduced AGC1 restore cell proliferation, although oxidative stress increases and NAA synthesis deficit persists. Our data suggest that the cellular energetic deficit due to AGC1 impairment is associated with inappropriate aspartate levels to support neuronal proliferation when glutamine is not used as metabolic substrate, and we propose that delayed myelination in AGC1 deficiency patients could be attributable, at least in part, to neuronal loss combined with lack of NAA synthesis occurring during the nervous system development.
Introduction
The mitochondrial aspartate-glutamate carrier (AGC) catalyzes the unidirectional export of mitochondrial aspartate in exchange with cytosolic glutamate plus a proton across the inner mitochondrial membrane [1] . Stimulated by cytosolic calcium [1, 2] , AGC is a fundamental component of the malate-aspartate shuttle (MAS) which is the main biochemical pathway to transfer NADH reducing equivalents from the cytosol to mitochondria along with the glycerol-3-phosphate shuttle. These processes occur in the various cell types with different efficiency and are indispensable for the complete aerobic oxidation of glucose, preserving the cellular redox state with higher energy yield and efficient ATP production. In humans, AGC exists as two isoforms, AGC1 and AGC2 encoded by SLC25A12 and SLC25A13 genes, respectively [1] . Both isoforms share very similar substrate specificity and affinities, although AGC2 show higher transport rates than AGC1 [1] . Mutations in AGC1 and AGC2 are associated with two human diseases [3] . AGC1 deficiency is a severe infantile-onset encephalopathy with epilepsy, global developmental delay, abnormal myelination, and reduced cerebral N-acetylaspartate (NAA) content [4, 5] . Defects in AGC2 cause adult-onset type 2 citrullinemia [6] . The two disorders have very different clinical pictures related to the higher expression of AGC1 and AGC2 in brain and liver, respectively [7] , and are both associated with impaired MAS activity [4, 8] . However, biochemical hallmarks of these pathologies appeared not merely linked to a bioenergetic deficit. In type 2 citrullinemia, the loss of aspartate efflux from mitochondria due to AGC2 transport defects induces a liver-specific impairment of argininosuccinate synthetase, a cytosolic enzyme of the urea cycle [6] . Furthermore, hypomyelination in AGC1 deficiency could be secondary to reduced levels of neuronal-generated NAA [5] , a precursor for myelin synthesis produced from aspartate and acetyl-CoA by the enzyme aspartate-N-acetyltransferase [9] . Should this evidence demonstrate the physiological role of AGC, AGC isoforms (AGCs) might potentially act as crucial means to supply aspartate from mitochondria for biosynthetic purposes, with respect of the specific function of the cells where the two isoforms are expressed. However, a detailed description of the relative contribution of AGCs in the various tissues is still elusive. This is particularly true in the brain where a controversial expression pattern of AGCs has been hitherto depicted: AGC1 is generally thought to be the main isoform in neurons [10] [11] , where AGC2 is likewise expressed, although only in restricted brain areas and at low levels [12] . In glial cells, conflicting results did not clarify the expression profile of AGCs in astrocytes [13] [14] [15] [16] , whereas both isoforms have been reported to be expressed in oligodendrocytes and oligodendrocyte progenitors [17] . The clinical manifestations in AGC1 deficiency suggest that AGC1 should have a predominant role at least in discrete brain cells most likely during brain development.
In the present study, AGC1 was identified as the sole AGC isoform in proliferating mouse neuroblastoma Neuro2A (N2A) cells, while AGC2 is present only during differentiation. Consistently with the importance of AGC in MAS, we showed that AGC1 down-regulation is detrimental to the survival of undifferentiated N2A cells when exclusively fed with substrates producing NADH in the cytosol. By contrast, addition of glutamine rescued the proliferation of N2A cells with reduced AGC1: in these cells, we demonstrated increased glutamine oxidation accompanied by higher mitochondrial ROS production, strongly suggesting the activation of adaptive mechanisms which might favor the generation of substrates supporting proliferation, such as aspartate [18] , otherwise impeded by AGC1 inactivation. Furthermore, we demonstrated that NAA levels in undifferentiated N2A neuroblastoma cells are strongly reduced if AGC1 is down-regulated, a defect that can be ascribed not only to insufficient aspartate, but also to the limited pyruvate oxidation subsequent to MAS impairment which prevents the formation of appropriate acetyl-CoA levels for NAA synthesis.
Materials and methods

Cell culture and reagents
Neuro2A cells were purchased from ATCC-LGC Standards (Italy) and cultured at 37°C in a humidified atmosphere with 5% CO 2 in high glucose DMEM (D6546 SIGMA -Italy) supplemented with 10% fetal bovine serum, 50 U of penicillin G/ml and 50 μg of streptomycin sulfate. In this study, cells were used between #3 and #20 passages. Unless otherwise indicated, cell incubations in minimal growth medium were accomplished by using Minimal Essential Medium (MEM, M5650 SIGMAItaly). Cell counting was performed using the Scepter™ Automated Cell Counter (Merck Millipore, Germany) according to the manufacturer's instructions, in parallel to trypan blue visualization to exclude significant differences in live/dead trypsinized cells ratio among the tested cells.
2.2. AGC1-silencing shRNA design and lentiviral construct generation for stable transduction of N2A cells.
Two shRNA cassettes 5′-TGCTTGTTCGAAAGATCTATAGCTCGAGC TATAGATCTTTCGAACAAGCTTTTT-3′ and 5′-TGCTTGCAGACCTATATAA TGCCTCGAGGCATTATATAGGTCTGCAAGCTTTTT-3′ were designed as a hairpin-loop structure from the mouse Slc25a12 cDNA sequence encoding AGC1 protein according to the guidelines described in http://sirna.wi.mit.edu/ [19] and AgeI/EcoRI cloned into the pLKO.1 vector (Sigma -Italy), as previously described [20] . In parallel, a mismatch shRNA 5′-TACAACCAACGCACGCTAATCTCGAGATTAGCGTGCGTTGGT TGTTTTTT-3′ was cloned into the same vector to generate unsilencing control plasmid. The resulting constructs were sequenced and used to transfect HEK293T cells with the Lentiviral Packaging mix (SIGMAItaly) according to the manufacturer's instructions for the recombinant generation of control LVshMM, and AGC1-silencing LVshAGC1.1 and LVshAGC1.2 lentiviral particles. 4 days after transfection, cell conditioned media containing the virus were harvested, their titer estimated and used for the transduction. N2A cells were transduced with the recombinant LVshMM and LVshAGC1 particles at a viral titer of ∼ 5 plaque-forming units/ml for 24 h at 37°C and treated with 1 μg/ml puromycin for stable selection.
Immunoblotting
Total cell extracts or mitochondrion-enriched fractions obtained with Potter-Elvehjem homogenization and serial centrifugations were lysed in RIPA buffer, solubilized in the presence of 10 mM Tris/HCl pH 6.8, 2% SDS, 5% β-mercaptoethanol and subjected to 15% SDS-polyacrylamide gel for subsequent western blot analysis. AGC1, AGC2, UCP2, α-actin and NFL antibodies were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX USA). AAC antibody was purchased from Mitoscience (Eugene, OR USA). Caspase 3 and PARP-1 antibodies were purchased from Cell Signaling Technology (Danvers, MA USA). Homemade antibodies raised in rabbit against mitochondrial carriers for dicarboxylates (DIC), citrate (CIC), glutamate (GC), phosphate (PiC) and 2-oxoglutarate/malate (OGC) were used. Densitometric analyses were accomplished by using the Image Lab™ Touch software (Bio-Rad Laboratories, CA USA).
Mitochondrial carriers transport activity measurements
30 μg of isolated mitochondria from N2A cells were solubilized (0.5 mg/ml) in a buffer containing 3% TX-114, 1 mM EDTA, 10 mM PIPES, pH 7.0 for 45 min on ice, and reconstituted in liposomes, as previously described [21] . Transport measurements at 25°C were initiated by adding radioactive substrates at the indicated concentrations to liposomes reconstituted with mitochondrial extracts containing 20 mM unlabeled substrates and terminated by adding 10 mM pyridoxal 5′-phosphate and 8 mM bathophenanthroline, according to the inhibitorstop method [1, 22] . The incorporated radioactivity was quantified by a LS 6500 liquid scintlilation counter (Beckman Coulter, CA USA).
Measurements of oxygen consumption (OCR) and extracellular acidification rates (ECAR)
OCR and ECAR were simultaneously measured with XF 96 Extracellular
Flux analyzer (Seahorse Bioscience, MA USA). Respiration parameters were also determined through the high resolution O2k respirometer (OROBOROS Instruments, Austria). In Seahorse experiments, 25.000 cells/well were washed three times with unbuffered XF base medium (Seahorse Bioscience, MA USA) without added substrates and then incubated for 1 h in humidified incubator at 37°C in the presence of unbuffered XF base medium supplemented with 1 g/l glucose + 1 mM pyruvate or 5 mM lactate ± 2 mM glutamine. After incubation, basal OCR/ECAR were recorded three times for total 12 min prior to the sequential injections of 2 μM oligomycin, as inhibitor of ATP synthase (three measurements for total 25 min), 0.2 μM FCCP, as mitochondrial uncoupler (three measurements for total 25 min), and 1 μM antimycin A + 1 μM rotenone, as mitochondrial respiratory chain inhibitors (three measurements for total 25 min). In O2k oxygraphy experiments, 1 × 10
[6] cells were trypsinized and the cell suspension, treated for 1 h in the same incubation media used for Seahorse experiments, was subsequently subjected to sequential addition of the above mentioned reagents. OCR were measured as previously described [23] [24] [25] .
Aequorin and luciferase luminescence measurements
N2A cells were transiently transfected with plasmids carrying the coding sequence of recombinant aequorins selectively targeted to the cytosol (cytAEQ) or mitochondria (mtAEQmut), and of the recombinant luciferase targeted to mitochondria (mtLuc) [2] . Transfected cells were incubated for 1 h at 37°C with KRB supplemented with 1 mM CaCl 2 , 1 g/l glucose, 1 mM pyruvate and 2 mM glutamine (+ 5 μM coelenterazine for aequorins reconstitution). Cells were subsequently perfused in the same buffer (+ 20 mM luciferin for luciferase assays) in a purpose-built luminometer where they were stimulated with 1 mM ATP. Aequorin experiments were terminated by lysing the cells in a hypotonic solution with 0.1 mM digitonin and 10 mM CaCl 2 , and light output was collected and calibrated in [Ca 2+ ], as previously described [26] . In luciferase assays, data are expressed as mtLuc light output percentage of cells before agonist stimulus.
Cell fluorescence analysis
Measurements of intracellular reactive oxygen species were performed by loading cells with 5 μM 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA; Life Technologies, C-6827) for 20 min at 37°C, and green fluorescence of cells was analyzed with a Tali® Image-Based Cytometer. Mitochondrial hydrogen peroxide levels were measured in N2A cells cultured on 24 mm glass coverslips and transfected with the ratiometric fluorescent probe with mitochondrial localization pHyPer-dMito (mt-HyPer) [27] . After 24 h expression, cells were maintained in KRB supplemented with 1 mM CaCl 2 and the indicated carbon sources, and placed in an open Leyden chamber on a 37°C thermostated stage. 494/406 nm excitation filters and a 500-nm long-pass beam splitter were used, and an image pair was obtained in every 200 ms with a × 40 objective. For a ratiometric measurement, at the end of each measurement, the efficiency of the probe was ascertained by adding H 2 O 2 as reference. Fluorescence data were expressed as emission ratios. The experiments were performed on a Cell^R Olympus multiple wavelength high-resolution epi-fluorescence microscope. Mitochondrial inner membrane potential (Ψm) was measured by loading the cells with 20 nM tetramethyl rhodamine methyl ester (TMRM; Life Technologies, T-668) for 30 min at 37°C. Images were taken on an inverted Nikon LiveScan Swept Field Confocal Microscope (SFC) Eclipse Ti equipped with NIS-Elements microscope imaging software (Nikon Instruments). TMRM fluorescence intensities (exc. 560 nm; emis. 590-650 nm) were imaged every 5 s with a fixed 20 ms exposure time. At the end of the experiments, 10 μM FCCP was added after 240 acquisitions to completely collapse the Ψm and to subtract the non-mitochondrial TMRM fluorescence, as previously described [28] .
Metabolite determinations by mass spectrometry
For metabolite quantification, LVshMM-N2A and LVshAGC1-N2A cells were starved for 1 h in KRB without carbon sources and subsequently incubated in Minimum Essential Medium Eagle (MEM) (Sigma M5650) supplemented with 1 g/l glucose, 5 mM lactate, and with or without 2 mM glutamine. After the indicated incubation times, conditioned MEM and cells were harvested, extracted with methanol/water , and the aqueous phase was centrifuged at 13,000 g for 20 min at 4°C to precipitate the protein fraction. A Quattro Premier mass spectrometer with an Acquity UPLC system (Waters -Italy) was used for electrospray ionization LC-MS/MS analysis in the multiple reaction monitoring (RMR) mode, as previously described [20] . The MRM 
Respiratory chain complex analysis
Mitochondrial respiratory chain complex and citrate synthase activities were measured in permeabilized cells using a Cary 50 spectrophotometer (Agilent Technologies Santa Clara, CA USA), as previously described [29] with some modification. The NADH-ubiquinone oxidoreductase activity of complex I was measured quantifying the decrease in UV absorbance accompanying the oxidation of NADH. Any rotenone-insensitive activity was measured. Succinate dehydrogenase/complex II activity was measured following the reduction of 2.6-dichlorophenolindophenol (DCPIP) at 600 nm after the addition of succinate. Complex II + III (succinate cytochrome c reductase) activity was measured following the reduction of oxidized cytochrome c at 550 nm coupled to succinate oxidation. The activity of complex IV was carried out by evaluating the oxidation of reduced cytochrome c at 550 nm. ATPase activity was measured at 340 nm by coupling the production of ADP to the oxidation of NADH via pyruvate Kinase and lactate dehydrogenase. The reactions were measured for 2 min under controlled temperature, with a linear slope in the presence or absence of inhibitor when present, and enzymatic activity of each complex was normalized to that of citrate synthase.
Results
AGC1 is the only isoform of the mitochondrial aspartate/glutamate carrier expressed in undifferentiated N2A cells
The impact of AGC1 on neuron function was investigated in mouse brain-derived N2A cells previously reported as a reliable model to evaluate neuron proliferation, metabolism and differentiation [30] [31] [32] . In agreement with Ramos and coworkers [13] , WB analysis ( Fig. 1A ) performed with N2A cells revealed the increasing expression of AGC1 after differentiation with dibutiryl-AMPc. AGC2 isoform was instead detected at constant levels only after cell differentiation, thus suggesting that in undifferentiated proliferating N2A cells MAS works uniquely in the presence of AGC1. Therefore, we stably down-regulated AGC1 expression in N2A cells by using two lentiviral constructs (LVshAGC1-N2A.1 and LVshAGC1-N2A.2) that individually allowed a~75% reduction of AGC1 protein even after cell differentiation and without affecting AGC2 expression, as compared to N2A cells stably transduced with a lentiviral control construct (LVshMM-N2A) (Fig. 1B) . It should be noted that, due to space limit, in Fig. 1B , as well as in all other reported results, only data referred to LVshAGC1-N2A.1 silenced cells are shown, unless otherwise indicated, and similar results were also obtained with LVshAGC1-N2A.2 silenced cells. As measured with mitochondrial extracts reconstituted in liposomes (Fig. 1C) , AGC1 silencing in undifferentiated LVshAGC1-N2A cells reduced both the aspartate/glutamate and the glutamate/glutamate exchange activities by~80% and~50%, respectively, when compared to those measured with mitochondria isolated from control cells. On one side, these data demonstrated the efficiency of silencing to knock down AGC1 activity, while on the other hand they suggested the presence in N2A cells of alternative mitochondrial proteins able to perform glutamate transport, such as the mitochondrial glutamate carrier (GC) isoforms [33] (see below). It is noteworthy that AGC1 activity in LVshAGC1-N2A cells is basically similar to that revealed in patients with AGC1 function dramatically reduced, but not totally abolished [5] .
The effect of reduced AGC1 activity on the transfer of the NADH reducing equivalents from the cytosol to mitochondria was then tested by measuring lactic acid secreted by N2A cells grown in complete DMEM (Fig. 1D ). As expected, after 24 h incubation the lactic acid released in the conditioned DMEM harvested from undifferentiated LVshAGC1-N2A cells was from 70% to 120% higher than that of control cells, while in media from differentiated LVshAGC1-N2A cells, lactic acid was~40% more than in medium from differentiated LVshMM-N2A cells (Fig. 1D ). Since the down-regulation of AGC1 inhibits MAS activity, these data suggested that LVshAGC1-N2A cells consume glucose preferentially in the cytosol, thus increasing the production of lactate from glycolysis-derived pyruvate, which regenerates NAD + . Furthermore, the contemporary expression of AGC2 may only partially compensate the AGC1 deficit after cell differentiation.
Down-regulation of AGC1 inhibits proliferation and mitochondrial respiration of N2A cells
Given that no difference in the proliferation of LVshAGC1-N2A and LVshMM-N2A cells cultured in complete rich DMEM was observed (data not shown), an altered glucose metabolism in AGC1-silenced cells suggested that LVshAGC1-N2A growth was sustained by alternative utilization of other metabolites. Therefore, N2A cells were cultured for several days in minimal growth media (MEM) containing glucose in combination with other substrates for neurons, such as lactate or pyruvate in the presence or absence of glutamine [34] (Fig. 2A) . LVshAGC1-N2A and control LVshMM-N2A cell number was not significantly different when grown in the presence of glucose with either pyruvate or lactate supplemented with glutamine, with the exception of the first measurements at 24 h and 48 h. Interestingly, when MEM was deprived of glutamine, LVshAGC1-N2A cells failed to proliferate at the same rate of control cells. In particular, in the presence of glucose and pyruvate LVshAGC1-N2A cell number was markedly lower than that of LVshMM-N2A cells, while in the presence of glucose and lactate LVshAGC1-N2A cells started to die after 24-36 h of incubation. It should be also noted that N2A cells were unable to grow in MEM when only glucose was added (data not shown). As shown in Fig. 3A and B, the measurements of cell respiration parameters in the presence of the above mentioned substrates revealed a diminished respiratory capacity of N2A cells with impaired AGC1 activity in the absence of glutamine. More in the detail, the basal (routine) respiration of LVshAGC1-N2A cells incubated for 1 h with minimal medium supplemented with glucose plus either pyruvate or lactate was~25% and~45% decreased, respectively, when compared to control LVshMM-N2A cells, as in part previously described for intact cortical neurons with deficient AGC1 [10] . On the other hand, no difference in basal respiration of both cell types was found when glutamine was added to the medium (Fig. 3A  and B) . Moreover, the absence of glutamine in the incubation medium caused a significant decrease in both mitochondrial Electron Transfer System (ETS) capacity, i.e., maximal respiration with FCCP, and ATP turnover of LVshAGC1-N2A cells (Fig. 3A and B) . To verify whether bioenergetic deficits and the reduced proliferation of LVshAGC1-N2A cells could be associated with higher cell mortality, in the same experimental conditions we estimated the cleavage of PARP1 and Caspase 3 proteins (Fig. 2B) , as markers of an occurring apoptotic process [35, 36] . After 1 h incubation in MEM supplemented with glucose and either pyruvate or lactate, LVshAGC1-N2A cells displayed a dramatic increase of both apoptotic markers, as compared to control LVshMM-N2A cells. Notably, in the presence of glutamine, the apoptosis in LVshAGC1-N2A cells, while still enhanced, was significantly reduced. All together these data suggested a role of glutamine to sustain mitochondrial respiration and cell viability in undifferentiated N2A cell when AGC1 levels are impaired.
3.3. Down-regulation of AGC1 alters mitochondrial Ca 2+ homeostasis in
N2A cells
AGCs are Ca
2+
-stimulated carriers that allow higher mitochondrial pyruvate oxidation when [Ca 2+ ] increases in the cytosol [10] . Therefore, we simultaneously measured the extracellular acidification rate (ECAR) and OCR of N2A cells challenged by ATP that elicits IP 3 -mediated mobilization of Ca 2+ from intracellular stores [37] . ECAR significantly decreased in stimulated LVshMM-N2A cells when compared to that of LVshAGC1-N2A cells independently whether either glucose and pyruvate (Fig. 4A ) or glucose and lactate (not shown) ± glutamine were used as incubation substrates. Surprisingly, in the same experimental conditions, the expected increase of OCR after ATP stimulation was virtually the same in both control and AGC1 silenced N2A cells (Fig. 4B) . ECAR data confirmed that in the presence of higher [Ca 2+ ] c , mitochondrial pyruvate consumption underlying cell respiration cannot be boosted when MAS is deficient [10] ( Fig. 4C) , in both stimulated control and AGC1-silenced N2A cells expressing cytosolic aequorin (cytAEQ), [Ca 2+ ] c peaks were virtually the same. Instead, LVshAGC1-N2A cells expressing the mitochondrially targeted aequorin (mtAEQmut) showed a two-fold increased mitochondrial Ca 2+ accumulation as compared to control LVshMM-N2A cells. Remarkably, the higher mitochondrial Ca 2+ uptake resulted supported by a more elevated mitochondrial membrane potential (Δψ m ) in response to the agonist (Fig. 4D) , and accompanied by a significant enhancement of the Ca
-induced mitochondrial ATP synthesis in silenced LVshAGC1-N2A cells (Fig. 4E) . All together these results indicated that in cells with down-regulated AGC1 a stronger activation of the mitochondrial Ca 2+ -dependent pyruvate, isocitrate and 2-oxoglutarate dehydrogenases may take place [37] , thus in turn further stimulating the mitochondrial metabolic machinery.
Metabolomic analysis of AGC1-silenced N2A cells reveals an increased consumption of TCA cycle intermediates
Taken together, our data suggested that AGC1-silenced N2A cells might adapt their metabolism to stimulate mitochondrial activity, in particular by strengthening both mitochondrial Ca 2+ -sensitivity and glutamine oxidation. By LC-MS/MS analysis, we studied whether increased glutamine expenditure occurs in N2A cells with down-regulated AGC1. As shown in Fig. 5A and C, the uptake of glutamine in LVshAGC1-N2A cells was markedly increased compared to LVshMM-N2A cells (~25% and 15%, after 1 h and 6 h incubation, respectively). Consequently, the relative glutamine content in LVshAGC1-N2A cells was higher than in control cells, although not significantly (Fig. 5B and D) . These data indicated that glutamine is not only efficiently imported, but also highly consumed by N2A cells when AGC1 is silenced. Interestingly, when cells were deprived of glutamine (Fig. 5E ), LVshAGC1-N2A took~50% more glutamate from the culture medium and the intracellular glutamate content was~50% reduced (Fig. 5F) , as compared to control cells. By extending our analysis to other amino acids and TCA cycle intermediates, after 1 h incubation, LVshAGC1-N2A cells showed a significant increase of intracellular alanine which is consistent with reduced mitochondrial pyruvate oxidation [38] , and marked decrease of aspartate as well as of 2-oxoglutarate, succinate, fumarate and malate, but not of citrate, as compared to LVshMM-N2A cells (Fig. 5B and F) . Similar results were obtained when measurements were performed after 6 h incubation in medium containing glutamine with the only exception for alanine content which appeared restored to values similar to those of control cells (Fig. 5D) . Therefore, although in the presence of inhibited pyruvate oxidation, N2A cells with low AGC1 activity appear able to consume at a higher rate the TCA cycle intermediates downstream of glutamate deamination [39] .
Changes in mitochondrial protein activity are associated with higher ROS generation in AGC1-silenced N2A cells
Mass spectrometry data prompted us to investigate the activity of members of the mitochondrial carrier family that may potentially lower or increase the concentration of TCA cycle intermediates in anaplerosis and/or cataplerosis [40] . As shown in Fig. 6A , the expression of mitochondrial carriers CIC, GC, AAC and DIC resulted unvaried in both LVshMM-N2A and LVshAGC1-N2A cells. The mitochondrial UCP2 carrier, a mitochondrial exchanger of aspartate with other C4 metabolites [20] , appeared somewhat reduced in LVshAGC1-N2A cells, although not significantly. Most notably, N2A cells with reduced AGC1 revealed a striking increase in both expression and transport activity of the mitochondrial carriers for phosphate (PiC) and 2-oxoglutarate/malate (OGC), the latter participating together with AGC in the MAS [22] . It should be noted that similar changes in mitochondrial carrier expression profile occurred in cells grown with minimal growth medium (data not shown). Furthermore, we investigated whether the mitochondrial respiratory chain was affected by AGC1 silencing. The activity of mitochondrial respiratory chain complexes II, II + III, IV and ATP synthase were not significantly different in both LVshMM-N2A and LVshAGC1-N2A cells. By contrast, a significant decrease in complex I activity in LVshAGC1-N2A cells was found (Fig. 6B) . Since increased production of hydroxyl radicals has been ascertained in mitochondrial pathologies with complex I deficiency [41, 42] and is a recurrent cause of neuronal loss [43, 44] , ROS generation in both cytosol and mitochondria of AGC1-silenced N2A cells was measured (Fig. 6C) . We detected a more pronounced mitochondrial ROS generation in LVshAGC1-N2A cells compared to control cells grown in complete rich DMEM. To better understand whether ROS production was dependent on substrate supply, mtHyper ratiometric fluorescence was measured in cells incubated in minimal growth medium. When N2A cells were supplemented with glucose plus either pyruvate or lactate, there was no significant difference in the high ROS synthesis between LVshAGC1-N2A and LVshMM-N2A cells. By contrast, the addition of glutamine to the medium significantly mitigated mitochondrial ROS production in control cells, but, importantly, not in LVshAGC1-N2A cells which appeared subjected to higher oxidative stress in each tested condition. As a result, these data suggested a protective role of glutamine against ROS synthesis in mitochondria that lacks in N2A cells with knocked-down AGC1.
All together these data denote that undifferentiated N2A cells with low AGC1 activity may survive only by adapting their metabolism, expending more glutamine with the deleterious consequence of increasing oxidative stress. By interpreting OCR and HPLC/MS data (Figs. 3A, B and 5 ), higher glutamine utilization by AGC1-silenced N2A cells would both enforce the Krebs cycle and provide metabolites for biosyntheses and cell proliferation. In our hypothesis (see Fig. 7 and discussion), in the absence of an efficient AGC which provides aspartate in the cytosol, glutamine may represent an alternative source for this amino acid essential in proliferating cells [18, 45] .
Impaired AGC1 activity inhibits N-acetylaspartate synthesis in N2A cells
Aspartate along with acetyl-CoA is required for the synthesis of Nacetylaspartate (NAA) by the neuronal aspartate N-acetyltransferase (ANAT) [9, 46, 47] . NAA is the precursor of myelin lipids in the brain and is severely reduced in patients affected by AGC1 deficiency where AGC1 activity is either absent [4] or significantly inhibited [5] . Indeed, N2A cells with silenced AGC1 revealed a striking deficit of NAA content compared to control cells, which was not rescued even when cells were incubated with glutamine for longer time (6 h) (Fig. 8) . These data suggested that aspartate produced in N2A cells with reduced AGC1 might be preferably utilized for proliferation process. However, it could be also argued that AGC1 activity impairment, which in turn inhibits pyruvate oxidation in N2A mitochondria, might generate insufficient levels of acetyl-CoA to participate in ANAT reaction, thus unable to synthesize appropriate NAA levels.
Discussion
Recent advances in bioenergetics studies have emphasized a crucial role for mitochondria in the proper development of the nervous system [48, 49] . The significant number of neurological pathologies associated with inborn mitochondrial dysfunctions in humans [50, 51] further suggests the primary importance of the correct fulfilment of bioenergetic processes in order to sustain healthy brain maturation. Brain energetic metabolism is primarily based on glucose oxidation, and mitochondria emerge as central organelles to allow the metabolic changes underpinning neuronal and glial cells function in the different stages of brain differentiation [52] . In particular, it has been recently demonstrated that improved bioenergetics with increased mitochondrial activity is required when neuronal differentiation takes place [48] . Neurons normally oxidize almost exclusively glucose through the combined activity of glycolysis and TCA cycle for subsequent ATP synthesis [53] . Furthermore, although controversial and highly debated, evidence supports the existence of the astrocyte-neuron lactate shuttle, where the glucose-derived lactate released from astrocytes is taken up and oxidized by neurons as an additional or alternative energy substrate [54] [55] [56] . Oxidation of either glucose-or lactate-derived pyruvate in neurons requires the correct transfer of NADH reducing equivalents from the cytosol to mitochondria. Therefore, being the malate/aspartate NADH shuttle the main redox shuttle system in brain [53, 57, 58] , the activity of Ca 2+ -regulated AGC isoforms becomes crucial for healthy brain functions. However, the relative contribution of AGC1 and AGC2 in the modulation of bioenergetics and mitochondrial metabolism in neurons and other brain cells has not yet been fully elucidated. As an example, several studies have so far depicted a controversial expression pattern of AGC in neurons, where AGC1 is thought to be the main isoform and AGC2 has been shown to be expressed only at low levels in discrete brain regions [12] . In the present study, we have identified in undifferentiated mouse brain-derived N2A cells, a neuronal cell model expressing uniquely AGC1. In our hands, diversely to AGC1, AGC2 is virtually undetectable in proliferating N2A cells, whereas both AGC isoforms are simultaneously expressed when cells are committed to complete differentiation (Fig. 1A) . This experimental evidence suggested that AGC1 might have an irreplaceable energetic function during N2A cell proliferation, while AGC2 could be recruited to sustain increased mitochondrial bioenergetics in the subsequent stages of neuronal differentiation. Indeed, when pyruvate or lactate where used with glucose as the sole respiratory substrates, AGC1 impairment brings undifferentiated N2A cells to an energetic deficit ( Fig. 3A and B) which may underlie the boosted apoptotic processes compromising normal cell viability ( Fig. 2A and B ) [59] . This is particularly true when lactate is used. The oxidation of this substrate generates in neurons an additional quota of cytosolic NADH [60] which cannot be correctly re-oxidized in mitochondria with impaired AGC1, thus further unbalancing the cellular redox state. Conversely, we observed that even in the absence of functional MAS, the addition of glutamine to the cellular medium apparently re-establishes a normal bioenergetic profile of N2A cells, as shown in terms of basal respiration, ATP turnover and mitochondrial respiration capacity, and restores cell survival. It has been documented that in hypoglycemic conditions neurons actively use glutamine and in turn glutamate as alternative fuels to sustain energy production by entering the TCA cycle at the level of 2-oxoglutarate dehydrogenase [61] . Accordingly, our data demonstrated that undifferentiated N2A cells with down-regulated AGC1 scarcely oxidize pyruvate, but have a higher disposition to take and consume glutamine (Fig. 5) . As expected, glutamine consumption appears not to interfere with pyruvate oxidation, since higher lactate synthesis occurs in AGC1-silenced N2A cells either grown in rich medium with glutamine ( Fig. 1D) or stimulated with the Ca 2+ -releasing agonist ATP even in the presence of glutamine (see ECAR changes in Fig. 4A ), i.e. when pyruvate oxidation is maximized [10] . According to our data, it could be suggested that in the brain with impaired AGC1 [4, 5] , neuronal progenitors could survive only if appropriate glutamine concentrations are available. It should be noted that astrocytes supply glutamine to neurons [62] by a process called glutamate-glutamine cycle where part of the neuronally released glutamate is converted by the astrocytic-specific enzyme glutamine synthase (GS) to glutamine which is then transferred back to neurons. Moreover, through aerobic glycolysis, astrocytes carry out net synthesis of glutamate and glutamine, as well as of TCA cycle intermediates and related derivatives whose traffic to neurons has been demonstrated [63] . To our knowledge, the consequences Fig. 7 . Down-regulation of AGC1 in N2A cells impairs the malate/aspartate NADH shuttle and mitochondrial pyruvate oxidation. Glutamine oxidation generates energy by stimulating a partial TCA cycle and promotes an alternative pathway for the synthesis of aspartate which is indispensable for nucleic acid, protein and NAA synthesis. Dashed lines indicate inhibited pathways. In the present scheme, phosphate-activated glutaminase (PAG) is assumed to be localized on the external side of the inner mitochondrial membrane [71] . GDH, glutamic dehydrogenase; OGC, 2-oxoglutarate/malate carrier; MPC, pyruvate carrier; GC, glutamate carrier; LDH, lactic dehydrogenase; cMDH, cytosolic malic dehydrogenase; cAST and mAST, cytosolic and mitochondrial aspartic transaminase; ALT, alanine transaminase. of AGC1 impairment in astrocytes have not yet been evaluated exhaustively and negative effects on their intense oxidative metabolism, and in turn on neuron nourishment, cannot be excluded, thus further compromising the correct neuronal maturation process [16, 64] .
In neurons MAS is not only crucial for NADH transfer from cytosol to mitochondria, but also to allow the export of TCA cycle derivatives towards the cytosol via metabolite exchange processes [65,66 and refs. therein] . This is indispensable when biosynthetic processes occur and intermediates such as oxoglutarate, malate and oxaloacetate (OAA) are diverted away from the TCA cycle to supply the otherwise consumed amino and keto acid pools in the cytoplasm. In this context, anaplerotic reactions are essential. However, anaplerotic enzymes, such as pyruvate carboxylase and malic enzyme, would be of scarce utility without mitochondrial pyruvate oxidation, and appear to be abundant in astrocytes, while absent in neurons [66] [67] [68] . If this is the case also in proliferating undifferentiated neurons, exchange activity of the mitochondrial transporters involved in MAS would represent a potential preferential path to move intermediates required for biosynthesis. As a consequence, AGC1 impairment in N2A cells may result in unbalancing the integration of cytosolic keto and amino acid pools, in particular aspartate. Aspartate is essential for many cell processes since it participates in protein and nucleotide syntheses, and is the main metabolic product of respiration in proliferating cells, as recently reported [18, 45] . Importantly, glutamine oxidation by neurons results in massive formation of aspartate [69, 70] . Nevertheless, since the main site of aspartate production is the mitochondrial matrix [18] , the absence of functional AGC1 in N2A cells proliferating with glutamine would make the inner mitochondrial membrane inaccessible for aspartate exit unless other transporters intervene. To our knowledge, the mitochondrial UCP2 is the only alternative candidate to transport aspartate out of mitochondria [20] . However, our data reveal that in mitochondria from AGC1-silenced N2A cells, aspartate transport catalyzed by UCP2 appears not to compensate the dramatic reduction of aspartate/glutamate exchange activity (compare Figs. 1C and 6A) . Conversely, we show that N2A cells respond to AGC1 reduction with augmented expression and activity of both mitochondrial PIC and OGC. Increased PIC levels could be required to sustain mitochondrial ATP synthesis rates, as for example measured when cells were triggered with Ca 2+ -releasing agonists (Fig. 4E) . Overexpression of OGC could be interpreted on one side as a biochemical adaptation to sustain the weakened MAS activity. On the other side, in the presence of glutamine supply, increased OGC might diversely favor the exit of C4 metabolites from the TCA cycle, specifically malate (Fig. 7) . In mitochondria, glutamine-derived glutamate [71, 72] is converted to 2-oxoglutarate by both glutamic dehydrogenase (GDH) and aspartic transaminase (AST). 2-Oxoglutarate entering into a partial TCA cycle generates energy and furnishes OAA for the formation of aspartate by AST, as well [61] . In our hypothesis, in AGC1 deficient N2A cells, fueled 2-oxoglutarate oxidation favors increased OCR, but impeded efflux of mitochondrial aspartate may in turn inhibit the amination of exceeding OAA by mitochondrial AST. As a result, the augmented mass of C4 TCA intermediates following glutamine oxidation may generate additional mitochondrial malate which could be released in the cytosol by overexpressed OGC whose bidirectional transport activity is not constrained by the mitochondrial membrane potential [65] . In the cytosol, oxidation of malate by MDH may both produce further lactate and generate OAA which subsequently aminated by cytosolic AST would complete an alternative path for aspartate synthesis in the cytosol. However, the adaptation mechanism boosted by glutamine oxidation, although preserving cell proliferation, appears to lead AGC1 deficient cells to the metabolic sequela of higher oxidative stress (Fig. 6C) , most likely due to the observed lower activity of respiratory complex I, a well-known site of ROS production [41] which may inaccurately handle the flux of NADH generated by glutamine oxidation. The reduced aspartate content revealed in proliferating AGC1-silenced cells (Fig. 5) , could therefore be interpreted as a high utilization of this amino acid for protein and nucleotide synthesis purposes during cell growth and division [18] . In addition, the required aspartate synthesis might likely be less efficient in AGC1-silenced cells than in normal cells, and therefore other aspartate-requiring cellular processes may be disadvantaged. This may explain the reduced NAA synthesis measured in AGC1 deficient N2A cells (Fig. 8) . NAA is formed from aspartate and acetyl-CoA by the neuron-specific aspartate N-acetyltransferase (Asp-NAT). NAA is thought to be a molecule carrying acetyl groups for the formation of myelin lipids in oligodendrocytes. Reduced NAA content is observed in patients with AGC1 deficiency who suffer of hypomyelination and cerebral volume loss [4, 5] . Indeed, in AGC1 deficient cells, NAA production might be compromised by the limited availability of both Asp-NAT reagents. Pyruvate oxidation is the main source of acetyl-CoA. In particular, when exceeding pyruvate oxidation occurs, the additional mitochondrial citrate produced in the TCA cycle is exported out in the cytosol and then cleaved by citrate lyase, thus providing acetyl-CoA for biosynthetic purposes. Therefore, it could be suggested that when AGC1 is inactivated, the subsequent MAS impairment impedes efficient pyruvate oxidation [10] and may prevent the formation of appropriate acetyl-CoA levels for NAA synthesis. In this case, ketone bodies or amino acids, such as leucine, bypassing the metabolic block caused by AGC1 deficit, would provide a direct source of acetyl-CoA [73] which in the presence of appropriate aspartate levels could rescue NAA synthesis. This hypothesis is consistent with the recently reported case of a patient affected by AGC1 deficiency who has been successfully treated with a ketogenic diet leading to clear improvement of psychomotor development and restored myelination [74] . However, we did not measure any significant change in citrate levels in AGC1 deficient N2Acells and further experiments are needed to clarify whether the normal levels of this metabolite coincide with sufficient supply of acetyl-CoA for NAA synthesis. In addition, our data do not allow discerning whether reduced pyruvate oxidation inhibits NAA synthesis in mitochondria or cytosol.
Conclusions
Together our results allow us to hypothesize a pivotal function of AGC1 in the needs of undifferentiated neurons, not only by maintaining a balanced energy metabolism through correct pyruvate oxidation, but also by warranting appropriate provision of crucial biosynthetic metabolites in the cytosol, in particular aspartate and acetyl-CoA. In view of further experimentation to be performed with human cell models, for instance with AGC1 activity comparable to that observed in AGC1-silenced N2A cells [5] , our results demonstrate that loss of AGC1 is incompatible with undifferentiated neuron proliferation and NAA synthesis. Furthermore, compensatory pathways, such as increased glutaminolysis and alternative aspartate biosynthesis are most likely induced to allow the survival of dividing neurons, and their investigation may be crucial to clarify the metabolic changes occurring in developing brain with AGC1 deficiency.
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